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Abstract. In the evening equatorial magnetosphere at about
4RE geocentric distance and 19MLT, the four Cluster space-
craft observed a solitary structure with a width of about
1000∼2000km in the propagation direction. The solitary
structure propagates sunward with about 5∼10km/s carry-
ing sunward electric ﬁeld (in the propagation direction) of up
to about 10mV/m (total potential drop of about 5∼10kV),
depletion of magnetic ﬁeld of about 25%, and a duskward
E ×B convection up to 50km/s of He+ rich cold plasma
without O+. At the same time, auroral images from the IM-
AGE satellite together with ground based geomagnetic ﬁeld
data showed a westward (sunward at this location) propagat-
ing auroral bulge at the magnetically conjugate ionosphere
with the solitary structure. The solitary structure is main-
tained by ﬂux enhancement of selectively 3000km/s ions
(about 50keV for H+, 200keV for He+, and 750keV for
O+). These ions are the main carrier of the diamagnetic cur-
rent causing the magnetic depletion, whereas the polariza-
tion is maintained by different behavior of energetic ions and
electrons. Corresponding to aurora, ﬁeld-aligned accelerated
ionospheric plasma of several keV appeared at Cluster from
both hemispheres simultaneously. Together with good corre-
spondence in location and propagation velocity between the
auroral bulge and the solitary structure, this indicates that
the sunward moving auroral bulge is caused by the sunward
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propagation of the solitary structure which is maintained by
energetic ions. The solitary structure might also be the cause
of Pi2-like magnetic variation that started simultaneously at
Cluster location.
Keywords. Magnetospheric physics (Auroral phenomena;
Electric ﬁelds; Energetic particles, trapped)
1 Introduction
One of the essential elements of the magnetospheric sub-
storms is the sudden formation of a large-scale auroral bulge
in the nightside ionosphere and its westward surge as well as
poleward expansion (Akasofu et al., 1965). The bulge has
complicated large-scale electric ﬁeld and large-scale current
systems (e.g. Akasofu, 1977; Iijima and Potemra, 1976; In-
hester et al., 1981), and is directly related to auroral kilo-
metric radiation and Pi2 pulsation (Benediktov et al., 1968;
Gurnett et al., 1974; Rostoker, 1967; Saito et al., 1976; Ol-
son, 1999; Morioka et al., 2009). Magnetospheric substorms
also accompany sudden ﬂux increases of energetic particles
(102∼3 keV ions in the pre-midnight and 101∼2 keV electrons
in the post-midnight) at the nightside geosynchronous dis-
tance (Arnoldy and Chan, 1969; Reeves et al., 1990).
To understand the substorm, it is important to understand
the relationship between these accompanying elements. This
requires studies of the magnetospheric signatures of the
ionospheric phenomena and vice versa. Among those, the
Published by Copernicus Publications on behalf of the European Geosciences Union.2948 M. Yamauchi et al.: Auroral bulge caused by equatorial solitary structure
magnetospheric signature of westward propagating auroral
bulge in the evening sector has not been studied much com-
pared to the other magnetospheric signature of the substorm
except Roux et al. (1991). Most of the past observations
of the westward moving auroral bulge in the evening sec-
tor (Opgenoorth et al., 1989; Lyons et al., 1990; Fujii et al.,
1994; Weimer et al., 1994; Sanchez et al., 1996; Gjerloev et
al., 2007) are limited to low altitudes and not near the equa-
torial plane. Inversely, most of the magnetospheric observa-
tion of the auroral bulge is limited to midnight sectors where
phenomena is convoluted by many effects such as Harang
discontinuity (e.g., Lyons et al., 2005).
Thus, there is a missing link between the equatorial signa-
ture (ring current ions and electrons, ionospheric ions, plas-
maspheric ions, DC ﬁeld, wave) and the evening auroral
bulge that is away from the substorm onset region. In the
model, the westward motion of evening aurora has been con-
sidered as the result either by ionospheric Hall current and
conductivity gradient in the magnetosphere-ionosphere cou-
pled electromagnetic system (Kan and Sun, 1985; Lyons et
al., 1990), or result of magnetic drift (summation of gradient-
B drift and curvature drift) of plasma sheet ions (Vasyliu-
nas, 1970; Wolf, 1970). The magnetosphere plays relatively
a passive role in the former models, whereas the magneto-
spheric drift plays active role in the latter models.
Another relatively unexplored element is possible role of
the ﬂux enhancement of the energetic particles of the ring
current. Several mechanisms have been proposed in the past
for how the energetic ions is supplied to the ring current dur-
ing magnetic storms (e.g., Williams, 1985), and substorm-
related process is one of the most important candidates be-
cause of large variation in DC electric ﬁeld (e.g., Akasofu
and Chapmann, 1961; Williams, 1987; Kamide et al., 1998;
Reeves and Henderson, 2001; Reeves et al., 2003; Daglis,
2006). However, no solid observational work has performed
to understand the inﬂuence of this enhance ﬂux to the other
phenomena such as electric ﬁeld and magnetic deviation.
We found an ideal event to investigate the above two
topics from Cluster perigee traversal. On 19 May 2002
at around 06:43UT, westward moving auroral bulge in the
northern ionosphere observed by IMAGE/FUV arrived at
conjugate location of Cluster spacecraft (SC) which were
all located near the equatorial plane in the evening sector
(X = −1.2RE, Y = −4.2RE, Z = −0.4RE in Geocentric
Solar-Ecliptic (GSE) coordinate, or about 19 magnetic lo-
cal time (MLT) and L=4.4) near its perigee. In this event,
both energetic ion ﬂux and DC electric and magnetic ﬁelds
suddenly changed simultaneously when an evening auroral
bulge arrived at the Cluster conjugate.
The event reported here gives information on propagation
of large DC electric ﬁeld in the equatorial plane; behavior of
medium-energy ring current ions that is related to the DC
ﬁeld changes and auroral bulge; and composition of cold
plasma that indicates plasmasphere expansion in the inner
magnetosphere. At 19MLT, westward direction is nearly the
sameasthesunwarddirection. SincetheClusterdataisgiven
in the Cartesian coordinate, we use the term “sunward” when
the direction matters in the Cluster data, whereas we use the
traditional term “westward” for the auroral phenomena in the
ionosphere. Similarly, “duskward” direction in the Cluster
data corresponds to “poleward” direction in the ionospheric
data.
2 Event and instrument
2.1 Event identiﬁcation
Figure 1 shows Cluster particle data (RAPID in Fig. 1a and
CIS in Fig. 1b and c, see Sect. 2.3 for the instrumenta-
tion) during Cluster perigee traversal (06:10∼07:40UT) on
19 May 2002. There are two epochs of sudden changes in
the ion data. One is at around 06:43:00UT in the ener-
getic component (10∼1000keV) and the low energy com-
ponent (<100eV), and the other is at around 06:48:30UT in
the sub-keV component with some changes in the energetic
component. These two events have different characteristics
in the changes (energy, pitch angles, and amount of ﬂux)
and ground auroral signatures (auroral bulge and poleward
leaped arc), and the relation between these two epochs is not
clear. Therefore, we concentrate on the ﬁrst epoch at around
06:43UT in this paper. The second event after 06:48:30UT
is to be reported in the future.
2.2 Cluster constellation
Figure 2 shows the Cluster locations in GSE coordinate at
the time of the event during the Cluster perigee traversals on
19 May 2002. The spacecraft (SC) separation is very small
(70∼300km). The traversal direction is mainly northward
for all spacecraft following very similar trajectories in the
order of SC-1, SC-4, SC-2, and SC-3, with about 1 min lag
between SC-1 and SC-4. This time lag is much longer than
inter-spacecraft time lag of the phenomena, and therefore,
the time lag due to satellite velocity can be ignored.
2.3 Instrument
During this event, hot electron (PEACE) instrument was
switchedoff, butotherparticleinstruments(CISandRAPID)
were in operation, as well as instruments for the electric and
magnetic ﬁelds (EFW, FGM, STAFF), and the electron den-
sity (WHISPER). Details of these instruments are found in
R` eme et al. (2001) for CIS; Wilken et al. (2001) for RAPID,
Gustafsson et al. (2001) for EFW; Balogh et al. (2001) for
FGM; Cornilleau-Wehrlin et al. (1997) for STAFF; and De-
creau et al. (2001) for WHISPER.
We primarily use data from CIS and RAPID. CIS con-
sists of two instruments for positive ions measurement
at energies about few eV to tens keV for normal mode:
HIA (0.004∼40keV) without mass analyzer, and CODIF
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(a)
H (160~370 keV)
He (350~740 keV) x 5
O (1400~2600 keV) x 1000
4π average
Cluster (SC-1) RAPID  &  CIS/HIA  ,  2002-5-19
XGSE        - 1.6                                      - 1.3                                       - 1.0                                      - 0.6                                      - 0.2
YGSE          3.9                                         4.1                                         4.2                                        4.2                                        4.1
ZGSE        - 1.8                                      - 0.9                                         0.1                                        1.0                                        1.9
Distance   4.6                                        4.4                                          4.3                                        4.4                                        4.5
Fig. 1. Cluster particle data from spacecraft-1 during perigee traversal on 19 May 2002 during 06:10∼07:40UT. (a) Time series plots of
4π averaged differential ﬂuxes (cm−2 s−1 str−1 keV−1) of energetic particles observed by RAPID. Several energy channels with the same
change (sudden decrease or sudden increase) at around 06:43UT are integrated. (b) Energy-time spectrogram of 4π averaged differential
energy ﬂux (keV cm−2 s−1 str−1 keV−1) observed by CIS/HIA. (c) Pitch angle-time spectrograms of differential energy ﬂuxes observed by
CIS/HIA at different energy ranges (energy-averaged). For (b) and (c), one pixel corresponds to 12s with 4s sampling (and averaged) and
8s idle.
(0.03∼40keV) with mass analyzer. During this event, HIA
was operational in SC-1 and SC-3 with relatively low sam-
pling rate (a 12-s cycle of sampling one spin (4s) and
idle two spins) from only 8 sectors instead of 16 sectors,
and CODIF was operational in SC-1, SC-3, and SC-4 with
slightly higher sampling rate than HIA (mostly 8-s cycle of
sampling one spin and idle one spin).
RAPID consists of two instruments, one for positive ions
with 12 sectors at tens keV to MeV range (IIMS) and one for
electrons with 9 sectors (IES) at 20∼400keV. During this
event, both IIMS and IES were operational at all spacecraft
with one-spin (4s) sampling cycle for electrons and protons
(H+), and four-spin (16s) sampling cycle for He group and
CNO group. For electrons, the observation mode for SC-1
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Fig. 2. Location of Cluster at 06:44UT on 19 May 2002 in Geo-
centric Solar-Ecliptic (GSE) coordinate. All spacecraft are nearly
at X = −1.2RE, Y = −4.2RE, Z = −0.4RE in GSE, or about
19MLT and L = 4.4. The right side shows spacecraft (SC) con-
stellation (SC-1: black cross, SC-2: red cross, SC-3: green cross,
and SC-4: blue cross). The upper panels show the X−Z projection
(left) and the Y −Z projection (right), and the lower panel shows
the X−Y projection.
was not appropriate until 06:48UT for the observed high
ﬂux, while the other spacecraft registered correct electron
ﬂux during entire period (the observation mode is switched
for high ﬂux after 06:32UT). Fortunately, energetic compo-
nent (>240keV) is not effected by the different observation
modes very much, and hence we showed this component in
Fig. 1.
In addition to Cluster, we used IMAGE/FUV data (Mende
et al., 2000) for auroral image, geomagnetic indices (Dst
and SYM-H) for ring current development, AE (provi-
sional AU and provisional AL from 11 stations) for sub-
storm activity, and ASY for supplement to AE (http://
swdcwww.kugi.kyoto-u.ac.jp/wdc/Sec3.html), ground geo-
magnetic data from relevant stations for conjugate check,
ACE data for solar wind monitoring (http://www.srl.caltech.
edu/ACE/ASC/level2/index.html), GOES-8 geosynchronous
satellite data for the conﬁrmation of the substorm activ-
ity, and Los Alamos National Laboratory (LANL) geosyn-
chronous satellite for the general energetic particle data in
the evening inner magnetosphere (http://leadbelly.lanl.gov/
lanl ep data/). Explanation of SYM and ASY is found in
Iyemori et al. (2009).
3 Observation
The event took place about 10h after the arrival of inter-
planetary coronal mass ejection at around 20UT (initial Dst
spike of +28nT) with solar wind density about 50cm−3
(from 7cm−3), velocity about 500km/s (from 350km/s),
interplanetary magnetic ﬁeld (IMF) intensity about 20nT
(from 5nT). By one hour before the event, they decreased
to about 10cm−3, 430km/s (i.e., 3nPa), and 15nT. The
solar wind and geomagnetic activities are thus high but
not extreme. In fact this interplanetary coronal mass ejec-
tion caused only a minor magnetic storm with minimum
Dst=−58nT at 06∼07UT and minimum SYM-H=−71nT
at 07:09∼07:11UT. These values indicate minor level of ring
current development (Iyemori et al., 2009). The composition
of the ring current (H+ ﬂux dominate over O+ ﬂux) also con-
ﬁrms that this is a minor storm (e.g., Daglis, 2006).
3.1 Geomagnetic and optical condition
Before the SYM-H minimum at 07:10UT, SYM-H contin-
uously decreased from the sudden commencement 10h be-
fore (starting from about +60nT). During latest 3h, SYM-
H monotonically decreased except for a short recovery dur-
ing 06:28∼06:36UT. Embedded in this ring current de-
velopment, a substorm expansion is recognized at around
06:26∼06:34UT in the geomagnetic ﬁeld data, and the short
recovery of SYM-H mentioned above is due to the substorm-
related disruption of the cross-tail current (Ohtani et al.,
2001).
Figure 3 shows AL and AU indices, and geomagnetic
deviations (X-component, relative values) from Macquarie
Island (MCQ), Sitka (SIT), and Meanook (MEA) during
06:20∼06:50UT(1minresolution). MCQisthenearestcon-
jugateofCluster(only5◦ offinmagneticlongitudeand1◦ off
in magnetic latitude). Starting at around 06:25UT, AL de-
creased during 06:25∼06:33UT. This corresponds to a sub-
storm expansion in the midnight sector as observed by IM-
AGE.
Figure 4 shows the IMAGE/FUV data (Mende et al.,
2000) during 06:23∼06:46UT (2min resolution). It shows
a brightening of an auroral arc (onset of a substorm) at mid-
night at around 06:25UT with subsequent expansion of the
auroral bulge during the next several minutes. Geostationary
GOES-8 satellite at around 01LT also detected dipolariza-
tion at around 06:26UT (not shown here). The MEA station
in Fig. 3 corresponds to the westward edge of this substorm
auroral bulge after 06:30UT.
During this expansion, the brightest region of the mid-
night auroral bulge is limited to only 5◦ in latitude in the
post-midnight sector and less than 3◦ in latitude in the pre-
midnight sector, whereas a less intense auroral arc (indicated
by a dashed arrow) poleward of this auroral bulge in the
pre-midnight sector is intensiﬁed without moving its posi-
tion. The pre-midnight bulge part stayed equatorward of this
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Fig. 3. The provisional AU and AL indices from 11 stations
and geomagnetic deviation X-component from three stations during
06:20∼06:50UT on 19 May 2002. The numbers given after each
station’s code at the bottoms are the corrected geomagnetic latitude
and the magnetic local time. Note that the corrected geomagnetic
latitude is sometimes different from the dipole geomagnetic latitude
by up to 4◦ (MCQ is −60◦ in the dipole coordinate). MCQ is also
the nearest conjugate of Cluster (only 5◦ off in magnetic longitude
and 1◦ off in magnetic latitude) during this period. The timings of
“onset” and “bulge” in the ﬁgure are determined by IMAGE/FUV
auroral image in Fig. 4, and the event “Cluster” is the time when
Cluster detected large change in Fig. 1.
poleward arc, i.e., stayed far inside the separatrix. Thus, this
bulge belongs to the type reported by Murphree and Cogger
(1992), and is not the type proposed by Lyons et al. (1990)
or Ober et al. (2001). The double-arc structure is seen in the
entire evening sector, one at around 60◦ geomagnetic latitude
(GMLat), and another at 70◦ ∼75◦GMLat.
Both the AL index and the IMAGE/FUV image show
short duration of this substorm (less than 10min). The de-
crease of AL stopped at 06:33UT with only 100nT change
from the substorm onset, and AL started to recover already
from 06:34UT. The midnight auroral brightening stopped at
around 06:34UT for both equatorward bulge and poleward
arc, and they substantially faded by 06:42UT. The quick
decay is also found in the mid latitudes where the decay
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IMAGE/FUV/WIC  data:          2002-5-19 
Fig. 4. IMAGE/FUV Wideband Imaging Camera (WIC) data in the
magnetic coordinate (GMLat and MLT) during 06:23∼06:46UT
on 19 May 2002 taken from the Northern Hemisphere (bottom is
00MLT and left is 18MLT, covering 50◦ ∼90◦ GMLat).
is expected to be delayed. ASY-D increased by 50% from
06:28UT to 06:36UT, but quickly decayed afterward. Even
SYM-H showed short duration (06:28–06:36UT, not shown
here) of increase that is attributed to a decrease of the cross-
tail current during the substorm. From these data, this sub-
storm is considered as a minor one.
When the initial substorm activity at midnight started
to decay, the second activity started in the evening sector.
The poleward arc at 17∼19MLT was activated at around
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Table 1. Timeline of the event.
UT Event
06:25 substorm onset
06:34 peak of midnight activity = start of decay
06:38 start of evening activity
06:42 evening optical bulge arrive at 19MLT
06:42:50 start of decrease in total B
06:42:50 start of decrease in energetic electron
ﬂuxes
06:43:00 start of sharp decrease in total B (SC-3
leading by several s)
06:43:20 start of increase in E-ﬁeld (SC-3 leading
by a few s)
06:43:20 start of increase/decrease in energetic ion
ﬂuxes
06:43:20 ion convection exceed detectable speed
(SC-3 leading by 10s)
06:44:00 appearance of 2∼10keV ﬁeld-aligned
ions
06:44:10 peak in E-ﬁeld at (SC-3 leading by 10s)
06:44 evening optical bulge started to fold
06:45:55 sudden decrease of the DC E-ﬁeld
06:46 evening optical bulge started to decay
06:46 sudden appearance of 2∼15keV ions at
all pitch angles
06:36UT as indicated by a white arrow in Fig. 4, and the
equatorward arc at 20MLT was activated at around 06:38UT
as indicated by a grey arrow in Fig. 4. These new bright-
enings quickly developed during next several minutes. The
polewardeveningarcbecamethebrightestintheentirenight-
side during 06:38∼06:42UT, followed by the equatorward
evening arc after 06:42UT, which became a bulge rather
than an arc. The new auroral activity is accompanied by
new geomagnetic deviations at SIT (∼21MLT) and MCQ
(∼19MLT), starting at 06:38UT and 06:39UT, respectively.
Both stations (about 60◦ GMLat) are located nearby the new
auroral bulge in the equatorward arc.
Thus both the geomagnetic ﬁeld data and optical data
show three discrete activities. One is the substorm onset and
subsequent expansion of activity in the midnight at around
06:25UT∼06:34UT, another is the brightening of evening
poleward arc starting at around 06:36UT, and the other is the
formation of the evening auroral bulge and subsequent de-
velopment starting at around 06:38UT at around 60◦ GMLat.
Table 1 shows timeline of these epochs as well as the satellite
observation described later.
The last two activities developed after the substantial de-
cay of the ﬁrst activity. Since these three brightening events
are not geographically connected to one another, one may not
simply assume any causality, i.e., whether the last brighten-
ing was leaped from the original substorm bulge or from the
brightened poleward oval or combination of both (Yamauchi
et al., 2006) or neither of them. In this paper, we study the
last equatorward activity at 60◦ GMLat because this is con-
jugate to Cluster.
The evening equatorward activity (auroral bulge) ex-
panded and moved to reach 19MLT, i.e., the Cluster’s local
time and latitude at around 06:42UT. The westward veloc-
ity of the bulge front obtained from Fig. 4 is at about 3∼4◦
longitude/min (∼3km/s at ground) for 06:38∼06:42UT, and
begin to stagnate (∼1◦ longitude/min) afterward. This corre-
sponds to a sunward motion at 4.4 RE of about 20∼25km/s
for 06:38∼06:42UT, and <10km/s afterward. The geomag-
netic ﬁeld at MCQ (nearest conjugate) also show a sharp
change between 06:42UT and 06:43UT, and this timing cor-
responds to the arrival of the auroral bulge. We do not know
the longitudinal extent of geomagnetic disturbance for this
auroral bulge because the location of the event corresponds
to East Siberia where geomagnetic stations are not well de-
ployed.
3.2 DC electric and magnetic ﬁelds
Corresponding to the timing when the auroral bulge arrived
the Cluster’s conjugate, all Cluster spacecraft observed sud-
den enhancement of DC electric ﬁeld and sudden rarefac-
tion of geomagnetic ﬁeld. Figure 5 shows overview of the
ﬁeld data from SC-4 during 06:42∼06:49UT, and Fig. 6
shows overplot of the total magnetic ﬁeld and electric ﬁeld
from multi-spacecraft during 06:42:30∼06:46:30UT. The
DC ﬁeld data is sampled at 25Hz for electric ﬁeld (EFW)
and 22.4Hz for magnetic ﬁeld (FGM).
TheDCmagneticﬁeldwhichispointingnorthwardstarted
to decrease gradually from around 06:42:50UT and sharply
from around 06:43:00UT. The DC electric ﬁeld started to
increase at around 06:43:20UT, pointing tailward. Within
1min from the start of increase, DC electric ﬁeld reached
its single peak of up to 10mV/m at around 06:44:10UT,
then kept relatively high value until the ﬁeld direction and
strength sudden changed at around 06:45:55UT. Contrary
to the electric ﬁeld, the DC magnetic ﬁeld has several min-
ima at around 06:43:50UT, 06:45:00UT, and 06:46:40UT,
in the semi-periodic way (0.01Hz frequency range). The de-
crease reached about 25% (from 180nT to 135nT) at around
06:45:00UT. The density variation somewhat reﬂects both
variations, with minimum at the same time as the main mag-
netic depletion at around 06:45:00UT (from 300cm−3 to
200cm−3, or 30%), and a sudden change simultaneously
with electric ﬁeld at around 06:45:55UT. Thus, these vari-
ations are not correlated to each other. No prominent wave
activity up to the cyclotron frequency (about 2.5Hz for H+
and 0.15Hz for O+) is observed during this period until
06:45:55UT.
The inter-spacecraft difference in these DC ﬁelds varied in
time, indicating that at least two different propagations are
convoluted. For example, the peak of the DC electric ﬁeld at
around 06:44:10UT is clearly led by SC-3 against SC-2 and
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Fig. 5. DC and AC ﬁeld data during 06:42:00∼06:49:00UT, 19
May 2002, observed by EFW, FGM, and STAFF from spacecraft
4. From top to bottom: DC magnetic ﬁeld (three components in
GSE), DC electric ﬁeld (spin plane components), estimated plasma
density, power spectral density of AC magnetic ﬁeld, and power
spectral density of AC electric ﬁeld. Since the spin plane is almost
perpendicular to the magnetic ﬁeld, the parallel E cannot be esti-
mated during this period, and the spin plane component is nearly
the same as GSE X−Y plane. The sudden drop of the density at
around 06:48:30UT is conﬁrmed by WHISPER.
SC-4 by about 10s in Fig. 6. This lead is also recognized in
the local maximum of the magnetic ﬁeld at the same time, in
which SC-3 leads against other three SC. The lead of SC-3
is seen even at the start of the event: the start of the sharp
decrease in the magnetic ﬁeld at around 06:43:00 is led by
SC-3 by several seconds in Fig. 6, and the start of the sharp
increaseintheelectricﬁeldataround06:43:25isledbySC-3
by several seconds in Fig. 6. However, the local minimum of
the magnetic ﬁeld is found simultaneously at all SC at both
06:43:53UT and at 06:44:59UT within half spin. Clearly
such Pi2-like multiple peak is caused by different mechanism
from the single peaks of the DC electric ﬁeld.
Therefore, we use the peak time of the DC electric ﬁeld at
around 06:44:10UT for the timing analyses. Assuming that
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Fig. 6. Multi-spacecraft overplot of DC total magnetic ﬁeld (up-
per panel) and total spin-place electric ﬁeld (lower panel) during
06:42:30∼06:46:30UT, 19 May 2002 observed by FGM and EFW.
Both the magnetic ﬁeld and the spin axis point nearly northward
during this period. Data are de-spined (spin period is about 4s) af-
ter sampled at 25Hz for the electric ﬁeld (EFW) and 22.4Hz for the
magnetic ﬁeld (FGM). SC-1 electric ﬁeld data is not shown because
of de-spin problem. The highest peak of the SC-1 electric ﬁeld ap-
pears at about 06:44:15UT at nearly the same timing as SC-2 and
SC-4 although the SC-1 data is not shown here.
the observed changes in the electric ﬁeld are due to a spatial
structure moving past the spacecraft, and that the structure
is ﬂat on the length-scale of the separation of the satellites,
we can use the spacecraft constellation (Fig. 2) and timing to
estimate the velocity of the structure. Fortunately, the timing
between SC is the same between the DC electric ﬁeld and the
DC magnetic ﬁeld for the peak at about 06:44:10UT, and we
can use the timing in the magnetic ﬁeld to obtain the propa-
gation velocity. Our estimation falls about 5∼10km/s (about
50∼100km distance in about 10s) in mainly sunward (+X)
with large dawnward (−Y) tilt.
Ontheotherhand, thenearlysimultaneoustimingbetween
spacecraft at the magnetic minima at around 06:43:53UT
and 06:44:59UT might mean quick propagation along the
magnetic ﬁeld. From the density (200∼300cm−3) and
magnetic ﬁeld (140∼180nT), Alfv´ en velocity is estimated
200∼250km/s. Since the spacecraft separation in the Z
direction is only 50∼250km, the propagation time is only
about 1s between northernmost SC-1 and southernmost SC-
3 if propagation is along the magnetic ﬁeld with Alfv´ en
velocity. This means that the Alfv´ en signature (this car-
ries the DC ﬁeld) is observed nearly simultaneously be-
tween SC. In this case, one must also consider the possibility
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that quick bouncing of Alfv´ en wave along the magnetic
ﬁeld constituted the sunward progression as is employed
in some magnetosphere-ionosphere coupling models (e.g.,
Sato, 1978). However, this scenario does not explain the
behavior of the energetic particles that is shown later in
Sect. 3.5. The behavior of the observed DC ﬁeld is also dif-
ferent from the prediction by the magnetosphere-ionosphere
coupling models (e.g., Sato and Iijima, 1979). The reﬂected
Alfv´ en wave has nearly opposite phase relation (skewed
by Hall conductivity effect) between the deviated DC elec-
tric and magnetic ﬁelds, causing a sawteeth-like ﬁeld vari-
ations superimposed on the original ﬁeld change (Sato and
Iijima, 1979), but the observed change from 06:42:50UT to
06:43:50UT is nearly monotonic.
The DC electric ﬁeld pointed mainly tailward until
06:45:55UT, gradually rotating from duskward deﬂection
(positive EY) to purely tailward (small EY), ending with
dawnward deﬂection. The observed electric ﬁeld is parallel
to the propagation direction of the peak electric ﬁeld. There-
fore, the propagation is longitudinal, i.e., electric charge
is accumulated at the front of the propagation. Such a
charge accumulation normally causes a strong downward
ﬁeld-aligned current, but such current is not visible in the
magnetic ﬁeld data (in BX and BY). The accumulated charge
most likely further propagate sunward before it is lost in the
form of the ﬁeld-aligned current.
The 10mV/m electric ﬁeld in the equatorial plane is a level
of substorm onset and is quite high considering its location
at 19MLT (Pedersen et al., 1984; Maynard et al., 1996).
If we map this electric ﬁeld to the ionosphere, it would be
nearly 100mV/m (corresponding to about 2km/s convec-
tion), reaching to the same level of small-scale (<30km)
DC electric ﬁeld in the ionosphere with aurora during sub-
storms, but it is unrealistically large as a large-scale electric
ﬁeld (Kamide et al., 1996; Sanchez et al. 1996; Marklund,
1997). Thus, there must be parallel potential drop between
the ionosphere and the spacecraft location, in agreement with
the brightening of the aurora at the satellite conjugate.
A 5 ∼ 10km/s sunward velocity is comparable to mag-
netic drift of 15 ∼ 30keV ions or electrons (mass indepen-
dent) in both the direction and the speed. The one-minute
time scale from the start of the event to its peak with this
velocity mean that the gradient of the electric ﬁeld has a
scale size of about 500km or less. If this propagation
speed is similar during the entire electric ﬁeld structure dur-
ing 06:43∼06:46UT, the total electric potential drop in the
X direction during the passage of this structure is about
5∼10kV (5∼10km/s×200s=1000∼2000km with average
ﬁeld of 5mV/m), positive front and negative back.
The irregular magnetic oscillation of about 0.01Hz fre-
quency range is typical during substorms and is called Pi2
pulsation (Olson, 1999). The observed Pi2-like pulsation is
detected mainly in total intensity (which points northward) in
a rareﬁed sense but not in the X- or Y-component. Thus the
entire geomagnetic ﬁeld simply oscillates between outward
(rarefying) and inward (recovering). Such a simple oscilla-
tion means a perpendicular current without ﬁeld-aligned cur-
rent. This Pi2-like variation is not visible at MCQ in Fig. 3
due to low temporal resolution of the data (1 min resolution).
The combination of the strong DC electric ﬁeld and Pi2
range magnetic oscillation is a typical phenomenon at the
substorm onset (e.g., Olson, 1999, Roux et al., 1991). How-
ever, neither the electric ﬁeld nor magnetic pulsation started
at the onset of the substorm (at around 06:25UT) or when
the bulge is formed (at around 06:38UT). The activity did
not start until the arrival of the auroral bulge at the conjugate
ionosphere. This indicates that they are related to local au-
roral bulge but not global substorm onset (Shiokawa et al.,
2002).
At around 06:45:55UT, the spin-plane electric ﬁeld sud-
denly dropped from 7mV/m to 3mV/m within several sec-
onds in Fig. 6. Accompanying this change, a low-frequency
electromagnetic wave burst is observed and the density
drops, but the DC magnetic signature is barely seen in Fig. 5.
The change is very sharp compared to the peak at around
06:44:10UT (gradient lasts about 40s), and is simultaneous
at all spacecraft by a few second in Fig. 6. The quick change
of the electric ﬁeld indicates a boundary crossing. The cross-
ing direction is probably outward according to the timing
of the small magnetic dip at around 06:45:55UT (SC-4 is
leading, followed by SC-2), although the difference is within
one spin. The slightly different behavior at SC-3 might be
due to spatial structure rather than the temporal structure.
On the other hand, the change in the electric ﬁeld direction
(or strength of EX) is relatively smooth (taking about 40s)
across this boundary.
3.3 Helium-rich cold ion convection
The strong DC electric ﬁeld of 10mV/m perpendicular to the
background magnetic ﬁeld (mainly northward) of 160nT at
around 06:44:10UT means an E×B drift velocity of about
60km/sforallionspecies. Withsuchahighvelocity, thermal
ions have enough energy to be detected by CIS with ordinary
observation mode, which has the lowest energy threshold of
about 4eV/q for HIA and about 25eV/q for CODIF. An E×
B velocity of 50km/s means that we should be able detect
H+ at ∼13eV (i.e., only by HIA), He++ at ∼25eV (i.e., only
by HIA), He+ at ∼50eV (i.e., by both HIA and CODIF),
O++ at ∼100eV (i.e., by both HIA and CODIF), and O+ at
∼200eV (i.e., by both HIA and CODIF) if they exists as the
thermal plasma.
Therefore, CIS must detect concentrated ion counts at
these expected energy (10∼200eV) and direction if the ther-
mal plasma exists. Since the magnetic ﬁeld points nearly
northward with electric ﬁeld points nearly anti-sunward
(EX <0) with some change of EY sign from +Y direction
to −Y direction according to Fig. 5, the expected convection
direction is mainly duskward with some rotation from dusk-
sun direction (06:43:30∼06:44:30UT) to dusk-tail direction
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(06:45:00∼06:46:00UT). This is the expected direction of
the ﬂow.
In Fig. 1b, enhanced ion counts in the tens eV range are
observed in the perpendicular direction to the magnetic ﬁeld
during 06:43:20∼06:46:10UT. Since the energy range and
pitch angle agrees with the expected E×B ﬂow, this is the
best candidate for the expected convection. To see the ob-
served azimuthal direction, the full-resolution ion data (not
averaged over spin or sectors) is shown in Fig. 7 from SC-1
(HIAdata), SC-3(HIAdata), andSC-4(CODIFdata), forthe
sectors that have substantial counts beyond the noise level.
Measurement from each direction is performed every 12s for
HIA data and every 8s for SC-4 CODIF data.
In Fig. 7, counts at low-energy (<100eV) range in the per-
pendicular direction to the magnetic ﬁeld (Fig. 1b) are reg-
istered consistently from the same azimuthal direction (cor-
responding to limited spin phase angle). Thus, the observa-
tion indicates a convection ﬂow in the direction illustrated in
Fig. 7 (below the 4th row). Furthermore, the observed counts
are detected in very limited range in energy and direction in
each 4-s observation, indicating that they are cold ions.
The observed ﬂow direction shown in Fig. 7 gradually ro-
tates. Starting as a sun-duskward (15LT direction) ﬂow at
around 06:43:30UT, it became duskward (rotate by 45◦) at
around 06:44:30UT, and tail-duskward (20LT direction) at
around 06:45:30UT (not shown here). After this, the de-
tected area in direction widened toward tailward direction,
and ﬁnally all counts faded at around 06:46:10UT. The his-
tory of the ﬂow direction agrees with that of the E×B di-
rection.
During the short period of 06:43:44∼06:44:20UT
for SC-1, 06:43:43∼06:44:07UT for SC-3, and
06:43:47∼06:44:27UT for SC-4, the energy of these
convecting ions increased, and second ion counts appeared
at energy about one quarter of the energy of ﬁrst counts
(e.g., at 06:44:08UT, peaks are at around 70eV and 17eV).
The timing corresponds to the largest enhancement of the
electric ﬁeld (and hence E×B drift) at around 06:44:10UT.
The ratio of 4 means either O+/He+ pair or He+/H+ pair
because the E × B cause the same velocity for all ion
species. From the energy matching described before, these
ions must be He+ (higher energy, 06:43:20∼06:46:10UT)
and H+ (lower energy, 06:43:40∼06:44:20UT), giving us a
value of velocity about 57km/s at 06:44:08UT. The CODIF
composition data in Fig. 7 (SC-4) conﬁrms this composition.
Furthermore, CODIF detected only He+ and H+ but not
O+, O++ or He++ for all SC-1, SC-3, and SC-4 (not shown
here). Thus, the data shows abundance of plasmaspheric
cold He+ inside the ring current region at R >4RE, while
no cold O+ was detected by the same instrument during this
period.
In the spacecraft frame, one should also include the satel-
lite velocity when considering low-energy. During this pe-
riod, Cluster moved northward (i.e., nearly the ﬁeld-aligned
direction) with 5km/s, which is very small compared to the
convection velocity. The expected shift of the relative di-
rection against the magnetic ﬁeld in the spacecraft frame is
5◦ (for 50km/s convection or 10mV/m electric ﬁeld) to 15◦
(for 20km/s convection or 4mV/m electric ﬁeld). This mi-
nor shift is actually recognized in the 4th row of Fig. 7 (peak
is seen at about 95◦ ∼100◦ pitch angle instead of 90◦).
Figure 7 also shows a slight time shift between SC-1 and
SC-3. At 06:43:19UT, the ion ﬂow appeared at SC-3. One
second later (06:43.20UT), the signal of the ion ﬂow at SC-
1 was too weak to appear in the ﬁgure although the HIA
instrument was looking the right direction. The timing for
the weakening is also led by SC-3. The double peaks (H+
counts in addition to He+ counts) are seen in SC-1 until
06:44:20UT, while they already disappeared one second be-
fore (06:44:19UT) in SC-3, indicating about one cycle (12s)
difference.
We can also examine the timings for SC-4 although the in-
strument is different: the expected ﬂow is not detected until
06:43:31UT partly due to lower sensitivity than HIA at SC-
1 and SC-3, but double peak (H+ in addition to He+) is de-
tected until 06:44:27UT. The highest counts are detected at
06:44:03 and 06:44:11UT. This timings are close to the SC-
1 timing and delayed from SC-3 timing by about 10s. The
timings of SC-3 (10s lead), SC-1 and SC-4 are consistent
with those in the local peaks of the DC electric and magnetic
ﬁelds at around 06:44:10UT in Fig. 6, conﬁrming our timing
analyses in Sect. 3.2.
3.4 Ionospheric keV ions
If the auroral bulge in the conjugate ionosphere (Fig. 4) is
associated with the large change in the DC ﬁeld (Figs. 5 and
6), a ﬁeld-aligned potential drop should exist between Clus-
ter and the ionosphere to accelerate auroral electron to the
ionosphere to several keV. This ﬁeld-aligned potential drop
simultaneously accelerates ionospheric ions upward to sev-
eral keV (about 1000km/s for 5keV H+ and 250km/s for
5keV O+). Since these ions travels 4RE distance in about
30s for H+ and about 2min for O+, Cluster should detect
these ionospheric ions in the ﬁeld-aligned direction close to
the event. Indeed Fig. 1c shows enhancement of nearly ﬁeld-
aligned component at 2∼20keV at around 06:44UT.
We should note that an enhancement of the nearly ﬁeld-
alignedcomponentdoesnotnecessarilymeanarrivalofiono-
spheric ions because the depletion of the magnetic ﬁeld also
causes shift of ion’s pitch angle toward low pitch angle due
to the conservation of the ﬁrst adiabatic invariant (or the
magnetic moment) µ = W⊥/B, where W is the energy of
the charged particle and ⊥ denotes the perpendicular com-
ponent to the magnetic ﬁeld. Since the gyro period under
160nT magnetic ﬁeld is about 0.4s for H+ and 6s for O+,
the change of the magnetic ﬁeld (1min) is small enough for
the magnetic moment to be conserved. On the other hand,
the second invariant is not conserved for these ions because
bouncing period is in the order of minutes. In this case, the
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Fig. 7. Highest resolution plots of differential energy ﬂuxes (keVcm−2 s−1 str−1 keV−1) of low-energy ions observed by CIS during
06:32:18∼06:44:59UT (total 100s) on 19 May 2002 for SC-1 HIA data (upper 4 rows), SC-3 HIA data (middle 4 rows), and SC-4 CODIF
data (bottom 4 rows) corresponding to low-energy part of Fig. 1b. Data is not averaged over spin (4s) or different sectors (polar angles).
During this period, HIA took data every third full-spin (taking data 4s and idle 8s) for both SC-1 and SC-3, while CODIF took data less
frequently except for SC-4 which took data every other full-spin (taking data 4s and idle 4s). For each 4-s measurement, UT corresponds
to the spin phase angle (azimuthal angle, which is 180◦ off between HIA and CODIF), and the starting UT of each 4-s measurement is
displayed at the top of panels for each SC. The top three rows are energy-time spectrograms of 4∼100eV ions from SC-1 observed at sectors
with non-zero ﬂux beyond the noise level (sectors 3, 4, and 5) among total 8 sectors. Sector 1 is looking at nearly north, i.e., detecting
ions traveling nearly along the geomagnetic ﬁeld from north to south. Sectors 4 and 5 correspond to nearly perpendicular direction to the
geomagnetic ﬁeld. The UT under the enhanced counts inside panels corresponds to the UT when these counts are actually detected (in
only 2∼3 directions out of 16 azimuthal directions). The 4th row is energy-averaged (15∼70eV) pitch angle-time (azimuth) spectrogram,
where the blue thick lines denote the direction of boundaries between neighboring sectors (top and bottom sectors corresponds to sectors
1 and 8, respectively). The pitch angle of each sector slightly modulated because the spin axis is not exactly 90◦ from the magnetic ﬁeld
direction. The enhanced counts are registered in nearly the same azimuthal direction, and this ﬂowing direction in the geophysical coordinate
is illustrated below the 4th row. The middle four rows are the same as the ﬁrst four rows except they are from SC-3. The last four rows
(CODIF data from SC-4) are organized as energy-time spectrograms of 30∼150eV H+ and He+ from sector 4 (the sector with most intense
counts), and energy-averaged (30∼150eV) pitch angle-time (azimuth) spectrograms for H+ and He+, respectively.
Ann. Geophys., 27, 2947–2969, 2009 www.ann-geophys.net/27/2947/2009/M. Yamauchi et al.: Auroral bulge caused by equatorial solitary structure 2957
parallel energy Wk does not change by the magnetic ﬁeld
variation. Under this condition, a 25% decrease in the mag-
netic ﬁeld means a 25% decrease of W⊥ (e.g., from 5keV to
4keV) while keeping Wk. The pitch angle (θ) also changes
as 2×dθ ×(tanθ +cotanθ) = (dB/B), or maximum about
7◦.
These changes are so small that we could not explain the
most of the sudden change of ﬂux at around 06:44UT ex-
cept the change of the pitch angle at 10∼20keV at around
06:44∼06:45UT in Fig. 1c toward ﬁeld-aligned direction.
For example, the sudden enhancement of low pitch an-
gle 2∼4keV ions at around 06:44∼06:45UT cannot be ex-
plained by this effect. Therefore, the increase in the low pitch
angle ions is due to a net arrival of ions. Similarly, sud-
den drop of the ion ﬂux at 20∼40keV at around 06:44UT
in Fig. 1c is also net change that cannot be explained by the
conservation of magnetic moment. On the other hand, it is
difﬁcult to judge the cause of the enhancement of low pitch
angle 4∼8keV ions at around 06:44∼06:45UT.
To examine the most parallel component (both parallel and
anti-parallel) to the magnetic ﬁeld at this energy range more,
Fig. 8 shows differential ﬂuxes of H+ and O+ from selected
sectors observed by CIS/CODIF from SC-4. Five directions
are shown: sector 1 (most anti-parallel direction to the mag-
netic ﬁeld looking north), sector 2, sectors 4 and 5 (perpen-
dicular direction), sector 7, and sector 8 (most parallel di-
rection to the magnetic ﬁeld looking south). As is already
expected from Fig. 1c, the parallel ﬂux and anti-parallel ﬂux
are very similar in Fig. 8.
Before 06:43:40UT, ions are trapped as seen in Fig. 1c al-
though the ﬂuxes of the most parallel directions (directions 1
and 8) are higher than those of the other directions at around
10keVforbothH+ andO+. Theyareionsbouncingbetween
mirror points. At around 06:43:40UT, the ﬂuxes of most
parallel components (both parallel and anti-parallel) started
to be enhanced at a wide energy range for H+ (2∼15keV)
and at low-energy for O+ (2∼8keV) as indicated by arrows,
whereas ﬂuxes of the perpendicular component suddenly de-
creased.
The conservation of the magnetic moment moves the di-
rection of intense ﬂux from directions 2 to 1 and from direc-
tions7to8whenthemagneticﬁelddecreasedfrom06:43UT
to 06:45UT, and vice versa when the magnetic ﬁeld in-
creased after 06:45UT (see Fig. 6). We do not recognize
such effect for the sudden ﬂux enhancements marked by ar-
rows at around 06:44UT. Certainly, these enhancements are
net increases of ﬂux, indicating a new injection along the
magneticﬁeld. Theenergyrangeistypicalofauroralacceler-
ation potential. Together with composition (substantial O+)
and direction, the observed ﬁeld-aligned ion burst at around
06:44UTismostlikelycausedbytheparallelpotentialabove
the auroral bulge seen in the IMAGE/FUV data in Fig. 4. The
upward direction agrees with general particle signatures and
ﬁeld-aligned current direction at the front side of the west-
ward traveling surges (Kamide and Rostoker, 1977; Meng et
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Fig. 8. Energy-time spectrogram of differential particle ﬂux
(cm−2 s−1 str−1 keV−1) of 1∼25keV H+ (upper 5 panels) and
O+ (lower 5 panels) observed by CIS/CODIF from SC-4 during
06:40∼06:49UT on 19 May 2002. For both H+ and O+, ﬁve di-
rections are shown: nearly anti-ﬁeld-aligned from north to south
(sector 1), oblique (sector 2), nearly perpendicular to the mag-
netic ﬁeld (sectors 4 and 5), oblique (sector 7), and nearly ﬁeld-
aligned from south to north (sector 8), respectively. The O+
count is not contamination from H+ except 3keV peak at around
06:44:10∼06:44:40UT at direction 2 (question mark) according to
time-of-ﬂight spectrum (not shown here). The sudden intensiﬁca-
tions marked by arrows are real for both H+ and O+.
al., 1978; Inhester et al., 1981; Opgenooth et al., 1989; Fujii
et al., 1994).
Since 5keV ions takes about 20∼30s for H+ and about
100s for O+ to travel from ionosphere to the Cluster loca-
tion at L=4.4, we expect time delay between H+ enhance-
ment and O+ enhancement if the spacecraft observed tempo-
ral change. However, the arrival time of the ionospheric ions
are nearly simultaneous between O+ and H+, i.e., difference
is much less than the expected time-of-ﬂight difference. The
arrival time is even the same between parallel direction (from
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southern ionosphere) and anti-parallel direction (from north-
ern ionosphere) to the magnetic ﬁeld. Simultaneous appear-
ance of O+ and H+ means that spacecraft crossed a bound-
ary that is ﬁlled with ﬁeld-aligned ions. However, construct-
ing such conﬁguration is not simple because this boundary
is propagating sunward (Sect. 3.2). In 100s, the boundary
moves 500∼1000km sunward, which is larger than the gy-
roradius of the 5keV O+ (about 250km).
Therefore, we have to consider the convection and back-
trace the ﬁeld-aligned H+ and O+ that simultaneously ar-
rived the Cluster. Here one may not ignore the effect of
strong E×B: the 3∼8keV ions in Fig. 8 came from lower
L than Cluster by about 0.3◦ ∼0.5◦ in latitude if we consider
E×B drift during the travel of ions. Since the convection
direction is nearly perpendicular to the propagation direction
(Sect. 3.3), just a small folding of the boundary can give the
nearly simultaneous arrival time between H+ and O+. Fold-
ing of aurora is quite common and in fact the front of the
auroral bulge in Fig. 4 is not straight but round. Further-
more, the exact arrival time is slightly different (be 10∼20s)
between ﬁeld-aligned H+ and ﬁeld-aligned O+. This sup-
ports the above scenario. At around 06:45:30UT, the parallel
H+ disappeared without trailing low energy H+. That again
means the boundary crossing, i.e., exit from the downstream
of ﬁeld lines with the parallel potential in this case.
At around 06:46UT, one can also recognize another sud-
den increase in <5keV H+ ﬂuxes. The increase is seen at
all (both parallel and perpendicular) directions. This timing
corresponds to the boundary crossing at around 06:45:55UT
that is indicated by the sharp changes in the DC electric ﬁeld,
wave, and density as are seen in Figs. 5 and 6 (Sect. 3.2). The
ﬂux increase in the perpendicular component is recognized
over broad energies up to 40keV (upper limit of detection),
whereas the ﬂux increase in the parallel component is limited
to <10keV. Parallel component of O+ ﬂux increased slightly
(10 ∼20s) after this dispersionless H+ ﬂux increase.
3.5 Mass-dependent change in Ring Current ﬂux
The sudden change at around 06:43UT is also recognized in
the ﬂuxes of energetic particles as shown in Fig. 1a. Starting
at around 06:43UT, the ﬂux of medium energy ions (H+ at
75∼92keV, He+ at 170∼240keV, and O+ at 640∼950keV)
observed by RAPID increased, while the ﬂux of high-energy
ions (H+ >160keV and He+ >350keV) and energetic elec-
trons (>40keV) observed by RAPID decreased. Flux of
low energy ring current ions (20∼40keV) also decreased as
shown in Fig. 1c (the decrease is mainly in O+ according to
the CODIF data). These observations immediately show that
(1) the ﬂuxes changed rapidly within a few minutes; (2) the
change direction (decrease or increase) of the ﬂux depends
on energy; and that (3) the threshold energy between increas-
ing ﬂux and decreasing ﬂux (or characteristic energy of ﬂux
increase) is mass dependent, with higher threshold energy for
higher mass.
The mass dependency of the sudden ﬂux increase or de-
crease of the ring current ions (about 100keV) has never
been reported or expected because magnetic (gradient-B and
curvature) drift velocity is proportional to energy without
mass dependency. To examine this, we show high-resolution
RAPID data in Figs. 9 and 10 (H+ channel in Fig. 9a, He
channel in Fig. 9b, CNO channel in Fig. 9c, and electron
channel in Fig. 10a) from all relevant energy channels dur-
ing 06:41:00∼06:49:00 UT. According to Fig. 9, the thresh-
old energy between the ﬂux increase and decrease is about
100keV for H, about 400keV for He, and probably about
1.5MeV for O; i.e., it is nearly proportional to the mass (pro-
portional to M0.7∼1). The same mass dependency (or mass
proportionality) is seen in the energy of the largest increase,
i.e., the characteristic energy. It is about 50∼80keV for H+,
about 150∼200keV for He+, and about 500∼800keV for
O+.
The mass proportionality means that the increase/decrease
difference is determined by the speed of ions, but not the
energy (or drift velocity) of the ion. The threshold speed
is about 4500km/s, and the characteristic speed is about
3000km/s. For electrons, ﬂuxes of all energy channel of
RAPID decreased, as shown in Fig. 10a. This is reasonable if
the same mass dependency is applicable to the threshold en-
ergy of electron, which falls to about 0.04keV characteristic
energy for the increasing ﬂux.
On the other hand, the energy-dependent ﬂux change of
the ring current population during storm-time substorms has
been known for three decades (Lyons and Williams, 1976;
Lyons, 1977). Such dual behavior has been explained by the
conservation of ﬁrst and second adiabatic invariants during
the magnetic variation (Ebihara et al., 2008). As described
in Sect. 3.4, the conservation of the magnetic moment (ﬁrst
adiabatic invariant) causes increase of W⊥ when the mag-
netic ﬁeld is compressed. This conversion means that the
distribution function f(W⊥) shift toward lower W⊥ than the
original position. Thus, decrease of B means an increase or
a decrease of f(W⊥) at the ﬁxed energy when df/dW⊥ >0
or df/dW⊥ <0, respectively. For the ring current particles
which are trapped (it is so for the present case), we can use
f(W) instead of f(W⊥) to examine df/dW⊥.
Since ions with 3000km/s velocity bounce within the ge-
omagnetic bottle in about 10∼15s in one hemisphere, it is
possible that second adiabatic invariant is also conserved. In
thiscase, magneticﬁeldvariationchangesparallelenergyWk
through the change of mirror altitude: a lift of mirror altitude
causes shortening of the mirror bouncing distance, and hence
increase of parallel momentum through the Fermi process
(Alfv´ en and F¨ althammar, 1963). Since the lift of the mirror
altitude is caused by compression of the magnetic ﬁeld, the
observed decrease of the magnetic ﬁeld means both dW⊥ <0
and dWk <0. Therefore, the consideration of the second adi-
abatic invariant does not change the present examination on
f(W).
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Fig. 9. Overplots of 4π-averaged differential ion ﬂuxes observed by RAPID from four spacecraft during 8-min period
(06:41:00∼06:49:00UT). Only the relevant energies are listed. The data (black lines for SC-1, red lines for SC-2, green lines for SC-3,
and blue lines for SC-4) are adjusted using scaling factors given in the right side of each panel. These factors are determined from the data
before 06:43UT when all SC are assumed to detect the same ﬂux value. The factors are not unity although we used the calibrated data. The
CNO channel covers mass range of C, N, O, but we can generally ignore contributions from C and N in the magnetosphere.
Letusexaminethisscenario. Figure11showsthedistribu-
tion function observed by RAPID during 06:42∼06:43UT,
i.e., just before the event started. We also showed ﬂux be-
cause distribution function has a larger error bar than ﬂux
due to wide range of energy for each energy channel (dis-
tribution function is obtained by dividing ﬂux by energy). In
Fig. 11, almost all energy at all species (except for >330keV
electrons and 92∼160keV protons) have df/dW <0, with
possible df/dW > 0 within error bar for 240∼350keV
He. This predicts decrease of ﬂux during magnetic deple-
tion except for >330keV electrons and 92∼160keV pro-
tons. Therefore, the ﬂux increase of 3000km/s ions during
06:43:00∼06:45:00UT cannot be explained by the conserva-
tion of the magnetic moment. The inconsistent ﬂux change
with the magnetic moment conservation is also seen in the
1∼2min modulation as will be shown in Sect. 3.6..
The ﬁnite gyroradius effect of 3000km/s ions
(200∼250km for protons and 900km for He+) breaks
down the conservation of magnetic moment but this effect
does not explain the ﬂux increase. Furthermore, the wave
activity (Fig. 5) is too small to explain the ﬂux increase
by local acceleration, e.g., there is no wave at cyclotron
frequency (about 2.5Hz for H+ and 0.15Hz for O+ under
160nT magnetic ﬁeld). Temporal change of DC ﬁeld during
one gyration is less than 1%, too small to accelerate ions.
Therefore, the observed ﬂux increase of 3000km/s ions
during 06:43∼06:45UT is most likely due to a new injection
from outside.
We also observed energy-time dispersion in the ini-
tial ﬂux increase from high energy to low energy. The
28∼64keV (10∼20km/s drift speed) H+ ﬂux started to in-
crease at around 06:43:30UT, 75∼92keV H+ (20∼30km/s
drift speed) at around 06:43:20UT, 92∼160keV H+
(30∼50km/s drift speed) at around 06:43:10UT, and even
the 160∼370keV H+ (50∼100km/s drift speed) ﬂux
shows very minor increase at around 06:43:00UT. Sim-
ilar dispersion can be recognized in He ﬂux sharp in-
crease between 140∼170keV (around 06:43:40UT) and
170∼240keV (around 06:43:30UT), but this relation does
not hold for 240∼350keV He ﬂux.
The observed energy-time dispersion of the initial ﬂux
increase is not due to time-of-ﬂight but by the ﬁnite gy-
roradius. The time-of-ﬂight distance from the drift veloc-
ity is less than 1000km for the H+ energy-time dispersion.
This distance corresponds to only a few minutes propagation
for the structure, and neither the particle nor the ﬁeld data
showed any signature of local acceleration within 1000km
distance from the epoch of ﬂux increase. Furthermore, this
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Fig. 10. (a) The same as Fig. 9 but for electron data. (b) Linearly separated proﬁles of the observed electron ﬂux from the variation that is
proportional to the magnetic ﬁeld variation assuming ﬂux = f0+f1×(dB/B0), where dB =B−B0, and B0=190nT is the magnetic ﬁeld
at the start of the event (06:42:50UT).
distance is comparable to the gyroradius of these ions (Ta-
ble 2) and to the scale size of the gradient of DC ﬁeld and
ﬂux (∼500km). Therefore, the time-of-ﬂight effect is not
the explanation. Instead, we consider the ﬁnite gyroradius
effect which also makes this type of dispersion: high-energy
ions reach farther than low energy ions. In the present case,
every 70∼80km decrease of proton gyroradius caused 10s
delay, which agrees with the propagation velocity of about
5∼10km/s. The large delay between H+ and He+ in this
case should be attributed to different reasons.
It is worth estimating the increase of the plasma pres-
sure due to the increased ﬂux and to compare it with the
decrease in the magnetic pressure during ﬁrst two minutes
(06:43:00∼06:45:00UT) until the magnetic minimum. The
H+ ﬂux increased by (2∼4)×104 cm−2 s−1 str−1 keV−1 at
30∼90keVrangeduringﬁrstminuteoftheevent. Thiscorre-
sponds to increase of partial pressure of about by 1.5∼2nPa.
The O+ ﬂux increased by 50∼150cm−2 s−1 str−1 keV−1 at
400∼900keV range during the same period (corresponding
to about 0.02nPa). The total magnetic ﬁeld changed from
about 180nT before the event to about 155nT at the ﬁrst
dip and about 140nT at the second and the largest dip. The
change in the magnetic pressure is about −3.5nPa until the
ﬁrst dip and about −5nPa until the second dip. Considering
the large uncertainty of the instrumental sensitivity on solid-
state detector (SSD), difference in factor two is a quite good
match between the plasma pressure increase of relevant ions
and the magnetic pressure decrease.
3.6 Synchronized modulation of ﬂux by magnetic ﬁeld
All panels in Fig. 10a show a modulation of the electron
ﬂuxes with about 1∼2min period (about 10−2 Hz) beyond
the noise level instead of monotonic decrease. This mod-
ulation is very similar to the Pi2-like magnetic ﬁeld vari-
ation in Fig. 6. Each dip of electron ﬂux (06:43:50UT,
06:44:55UT, 06:45:55UT, 06:46:40UT) took place at the
same time (within the 4-s spin resolution) as the correspond-
ing dip of total magnetic ﬁeld strength (which is pointing
nearly northward in GSE). Thus, the observed electron ﬂux
modulation is well synchronized with the magnetic ﬁeld vari-
ation. The good match is seen only with the magnetic ﬁeld
but not with electric ﬁeld in Fig. 5.
The variation of the electron ﬂux synchronized with Pi2-
like magnetic ﬁeld variation is more prominent at higher en-
ergy than lower energy. To make this clear, we separate the
ﬂux variation into two components, one that is locked with
the magnetic ﬁeld variation and the other that gives general
change independent of the magnetic ﬁeld variation. Since the
variation of the magnetic ﬁeld is only 25% from the start of
the event (06:42:50UT) to its minimum (06:44:50UT), we
here assumed linear combination: ﬂux = f0+f1×(dB/B0).
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Fig. 11. Normalized distribution function for (a) electron, (b) proton, (c) helium, and (d) oxygen during 06:42:18∼06:42:52UT (averaged
over 9 spins) just before the 06:43UT event. Here we simply divided the differential ﬂux by energy, which is proportional to the distribution
function by a factor of 0.5M2, where M is the mass of the ion. Since error bar is large in the energy direction, which is the denominator
from count to differential ﬂux and from differential ﬂux to distribution function, we also show less erroneous differential ﬂux. Even with
such large error bar, the data show good match into a smooth curve and good agreement between different spacecraft, giving some reliability
in the plot. For example, the positive slope of the electron distribution function at the highest energy is real beyond the possible error bar.
We cannot obtain non-linear term due to the limited quality
of the data.
Figure 10b show the result of the decoupling. By using
optimum values for the constant (f1 in the ﬁgure), all panels
in Fig. 10b show smooth trends that are independent of the
Pi2-like magnetic ﬁeld variation (Figs. 5 and 6). Thus, the
decoupling is successful as the ﬁrst approximation.
The degree of synchronization to the magnetic ﬁeld varia-
tion is roughly represented by the ratio of f1/f0 in Fig. 10b.
It is large for high energy (f1/f0 >0.6 at 240∼400keV) and
small for low energy (f1/f0 <0.4 at 40∼130keV), i.e., the
synchronized modulation is most obvious at the highest en-
ergy range. This energy dependency is opposite from the
expectation from the conservation of magnetic moment be-
cause the f(W) proﬁle in Fig. 11 predicts more obvious in-
phase behavior between ﬂux and magnetic ﬁeld for low en-
ergy than for high energy. Therefore, the conservation of the
magnetic moment is not the primary cause of the variation of
the electron ﬂux synchronized with Pi2-like magnetic ﬁeld
variation.
The same energy dependency of the synchronization with
the magnetic ﬁeld variation is found in the proton ﬂux
variation at high energy part (92∼160keV, 160∼370keV,
and 370∼960keV) in Fig. 9a. The synchronization is,
however, time-delayed: about 20s delay at 92∼160keV
(5000km/s) channel and about 10s delay at 160∼370keV
(7000km/s) channel compared to electrons (>10000km/s)
or 370∼960keV H+ (10000km/s). The time delay again
contradicts the conservation of the magnetic moment. In the
low energy proton channel (e.g., 75∼92keV), the ﬂux modu-
lation is not synchronized with the magnetic ﬁeld variation at
all. Variation of 75∼92keV proton ﬂux has only one major
minimum at around 06:45:30UT, with SC-2 leading and SC-
3 behind by more than 10s, while magnetic variation near its
minimum at around 06:44:55UT is led by SC-3 and followed
by SC-2 in Fig. 6. We could not detect such synchronization
for He+ (Fig. 9b) or O+ (Fig. 9c), although the velocity of
1MeV He+ is the same as that of 250keV H+.
The decoupled plots in Fig. 10b show large-scale trends.
The most visible trend is quick decrease of electron ﬂuxes at
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Table 2. Gyroradius of major ring current ions under 160nT magnetic ﬁeld.
energy gyroragius
speed H+ He+ O+ H+ He+ O+
2000km/s 21keV 84keV 330keV 130km 530km 2100km
3000km/s 47keV 190keV 750keV 200km 800km 3200km
4000km/s 84keV 330keV 1.3MeV 270km 1100km 4300km
5000km/s 130keV 520keV 2.1MeV 330km 1300km 5300km
all energy ranges and of 160∼370keV proton ﬂux starting
at around 06:42:55UT (same timing as the start of magnetic
deviation). The decoupled ﬂux of >240keV electrons shows
its minimum (about 20% decrease) at around 06:44UT, i.e.,
when the electric ﬁeld is strongest (Figs. 5 and 6), and its
recovery at around 06:46UT, i.e., when the electric ﬁeld
changed in both strength and direction. These proﬁles show
good correspondence with electric ﬁeld.
The recovery of the electron ﬂux is faster at high energy
than low energy. Increase of ﬂux at around 06:46UT is also
seen in <64keV proton and 0.4∼0.6MeV oxygen in Fig. 9a
and c. This increase has an upper energy limit in the similar
way as the 06:43∼06:46UT event. The ﬂux of 75∼160keV
protondecreasedandﬂuxof0.6∼0.9MeVoxygenstayedthe
same value after 06:46UT. The similar energy dependency
can be recognized for helium. The degree of ﬂux decrease
of 140∼170keV helium during 06:46∼06:48UT is not as
quick as those for 240∼350keV helium. Thus, the energetic
ions show another energy dependent ﬂux change with mass-
dependent threshold energy at around 06:46UT in addition
to at around 06:43UT. The threshold energy (and hence ve-
locity) is different between these two events. In both events,
the changes of the ﬂuxes coincide with H+ ﬂux increase at
1∼10keV observed by CIS (Fig. 8), electric ﬁeld change ob-
served by EFW (Fig. 5) and related thermal plasma convec-
tion observed by CIS (Fig. 7).
In Fig. 9a, one can recognize another type of inter-
spacecraft difference of the ﬂux change at 28∼64keV pro-
ton: SC-3 ﬂux stayed the same whereas SC-2 ﬂux showed
more than 30% increase (and next energy 75∼92keV shows
opposite trend). Since the gyroradius of these energetic ions
is larger than the inter-spacecraft distance, this difference
suggests either non-gyrotropic behavior or instrumental dif-
ference. Solving this question requires solid examination and
is beyond the scope of this paper in which we examine large-
scale changes.
3.7 Summary of observations
At about 06:43∼06:46UT on 19 May 2002, all Cluster
spacecraft observed large DC electric ﬁeld (up to 10mV/m),
Pi2-likerarefactionofdipole-likemagneticﬁeld(decreaseup
to 25%), convection of He+ rich cold ions (up to >50km/s),
sudden arrival of ionospheric ions in the ﬁeld-aligned direc-
tions, and dual change of energetic ion ﬂuxes without out-
standing wave activities. These changes are nearly simul-
taneous between spacecraft (within 10s difference between
all spacecraft), but did not start until 06:42:50UT, i.e., they
are not parts of global signature of substorm onset, but are
signatures of arrival of the auroral bulge.
Due to strong E×B drift velocity of up to >50km/s, cold
He+ and cold H+ are detected above 5eV, while no signature
for O+ or He++ is detected, indicating that the plasmasphere
expanded to 4.4RE at this time and location. The electric
and magnetic ﬁeld structure was moving sunward, i.e., in the
electric ﬁeld direction with about 5∼10km/s velocity. The
total potential drop across the moving structure observed at
06:43∼06:46UT is about 5∼10kV, with the front (sunward)
side higher potential than the back (tailward) side.
The changes of energetic ion/electron ﬂuxes are mass-
dependent: ﬂuxes of ions with characteristic speed of about
3000km/s (with upper threshold of about 4500km/s) in-
creased for all H+, He+, and O+; and ﬂuxes of ions with
energy (speed) above or below this energy (speed) decreased.
The ﬂux increase is not due to the conservation of the mag-
netic moment and hence due to net injection. The resul-
tant increase of plasma pressure is comparable to the lo-
cal decrease of the magnetic pressure at 06:43∼06:46UT.
The electron ﬂux of observable energy range (>40keV)
decreased during 06:43∼06:46UT even after removing the
synchronizing modulation with the Pi2-like magnetic ﬁeld
variation.
From these observations, we can illustrated the entire pic-
ture as Fig. 12. Magnetic drift velocity of 3000km/s H+
is about 10∼15km/s (or about 50km/s for 3000km/s He+)
sunward at this location in the dipole geomagnetic ﬁeld,
and is faster than the propagation velocity of the structure.
The different velocities between the propagation, the drift of
3000km/s H+, and the drift of other ions with 3000km/s
speed indicates that the propagation is not due to a simple
drift motion of high ﬂux region that is used in the past mod-
els (e.g., Vasyliunas, 1970; Wolf, 1970; Wolf and Spiro,
1985; Ebihara, 2009). The energy-time dispersion of H+
ﬂux increase is better explained by ﬁnite gyroradius effect of
dispersion-free increase rather than the time-of-ﬂight effect
of energy-dependent drift.
The sudden and nearly simultaneous appearance of the
ﬁeld-aligned H+ and O+ of about 2∼8keV at around
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Fig. 12. Schematic illustration of the amplitude of the structure
(ﬂux of 3000km/s ions, strength of electric ﬁeld, and depletion of
the magnetic ﬁeld) at the top, expected charges (+ and −) along
the geomagnetic ﬁeld (dashed line) and resultant expected electric
ﬁeld (empty arrows) in the middle, and the expected auroral po-
sition (cross) at the bottom. The observed propagation velocities
(thick dashed arrows) matches between the structure in the magne-
tosphere and the aurora in the ionosphere. The magnetic (summa-
tion of gradient-B and curvature) drift of the 3000km/s protons is
shown by thick arrows. The E×B drift (30∼50km/s duskward in
the magnetosphere) is not illustrated.
06:43:40UT indicates that Cluster crossed a boundary which
is ﬁlled with ionospheric ions. These ions are accelerated by
the ﬁeld-aligned potential drop which simultaneously accel-
erates electron downward to cause the auroral bulge. The
direction of the potential drop agrees with the direction of
the ﬁeld-aligned current at the front side of general westward
traveling surge.
At the conjugate ionosphere, the westward moving au-
roral bulge is nearly stagnate after 06:42UT to ∼ 1◦ lon-
gitude/min, which corresponds to a sunward motion of
<10km/s at the Cluster location. The geomagnetic ﬁeld at
the MCQ station (nearest conjugate) show a sharp change
between 06:42UT and 06:43UT. Thus, the auroral bulge and
the equatorial structure during 06:43∼06:46UT observed by
Clusteragreetoeachotherinlocation, velocity, andthesense
of potential drop (upward from ionosphere).
4 Discussion
4.1 Energy modulation by electric ﬁeld
The observed large gradient of DC electric ﬁeld might di-
rectly modulate the ion ﬂux when the gyroradius is large
enough to get ions accelerated or decelerated signiﬁcantly
during the gyromotion. This percentage is proportional
to (mass/energy)0.5, and hence to velocity−1. Therefore,
this ﬁnite gyroradius effect causes velocity-dependent ﬂux
changes. However, this effect is too small to explain the
observed change in Fig. 9. The 10mV/m electric ﬁeld
and 160nT magnetic ﬁeld condition at around 06:44:00UT
means that a 100keV O+ and a 6keV H+ are accelerated or
decelerated by about 10% over the gyroradius distance. A
10% change is large enough to affect CIS observation which
has about 25% energy stepping, but not for RAPID energy.
4.2 Primary propagation direction
In Fig. 8, the ﬁeld-aligned ions of ionospheric origin are
observed nearly simultaneously from both summer (north-
ern) ionosphere and from winter (southern) ionosphere. Ac-
cording to Fig. 5, Alfv´ en velocity during 06:43∼06:44UT is
about 200km/s (slow velocity is mainly due to high density
of 300cm−3), and transit time between both hemispheres is
much more than 1min, far too long to explain the simultane-
ous change. Although the bouncing signal most likely over-
laps with the sunward propagating general structure, such
bouncing structure cannot be the cause of the entire struc-
ture as described in Sect. 3.2. Particularly, this bouncing
scenario cannot explain the selective injection of 3000km/s
ions. Therefore, the primary propagation direction of the ob-
served structure is sunward. In other words, we should con-
sider the sunward propagation as of the entire structure that
covers both the magnetosphere and the both ionospheres.
4.3 Diamagnetic current
Depletion of the magnetic ﬁeld means diamagnetic current
in the perpendicular direction to the magnetic ﬁeld. The sun-
ward propagation of the structure including the front side at
around 06:43UT (start of the sharp decrease of the magnetic
ﬁeld at around 06:43:00UT is led by SC-3 as described in
Sect. 3.2) means a dawnward diamagnetic current at the front
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side of the propagation. Then question is the current car-
rier because the depletion of magnetic pressure is balanced
with the local increase of plasma pressure by the injection
of 3000km/s ions (particularly 74∼160keV protons). In
such a case of pressure balance, ions that are contributing
to the pressure increase are normally the carrier (Alfv´ en and
F¨ althammar, 1963). One such example is the solar wind at
the magnetopause.
Let us examine the current direction from the gradient of
the ion ﬂux. The way of causing the dawnward current is
in principle the same as in the magnetopause. Since the gy-
ration velocity of ions with net ﬂux increase (3000km/s) is
much faster than the propagation velocity (5∼10km/s), it is
easier to take a rest frame moving with the propagation. In
this case, gyromotion of additional ions (of 3000km/s ve-
locity) is conﬁned to one side. Since extra ions in one side
have ﬁnite gyroradii of about 200km for H+, the center of
the gyromotion of these H+ must be more than 200km away
from the boundary (propagation front), so that no effect leaks
outside this boundary (no signature outside the boundary by
deﬁnition of the present rest frame). In other words, extra H+
at the ﬁrst 200km from the edge of the boundary must be at
the gyration phase pointing one direction (e.g., dawnward for
the present case with northward magnetic ﬁeld and extra ions
in the tail side). Such a “surface” ﬂow (200km wide) of ion
points dawnward as long as the ﬂux increase toward the tail.
For decreasing ﬂux toward the tail, this surface effect causes
a duskward ﬂow.
The same logic works for electrons although the gyro-
radius is small. The additional electrons mean duskward
surface ﬂow and hence the dawnward diamagnetic current
in the present case. Thus both ions and electrons has the
same surface effect in the direction of the diamagnetic cur-
rent. In other words, the observed magnetic depletion (dawn-
ward diamagnetic current) is caused by species that show net
ﬂux increase. Such a ﬂux increase is seen in only medium
energy ions with 3000km/s speed. The other energies can-
not explain the required direction of the diamagnetic current
of the propagation. Combined with the quantitative pres-
sure balance, we can safely conclude that the net increase
of 3000km/s ion caused the depletion of the magnetic ﬁeld
except the Pi2-like modulation.
This surface effect has ﬁnite width due to the ﬁnite gy-
roradius (200km for H+). Due to slow propagation speed
(5∼10km/s), it takes 20∼40suntil the entire gyrationphases
of the additional H+ appear at the same location. This ex-
plains slower increase of heavy ions than light ions in Fig. 9
(<1min for H+, 1∼2 min for He+, and >2min for O+).
Unlike the magnetic depletion mentioned above, the Pi2-
like magnetic variation is observed simultaneously at all
spacecraft. The variation probably represents a wave mode
which involves the entire ﬁeld lines through Alfv´ en wave or
ﬁeld-line oscillation. For example, bouncing Alfv´ en wave
between the ionosphere and the magnetosphere has been pro-
posed as the cause of the Pi2 pulsation in the westward surg-
ing auroral bulge (e.g., Sato, 1978; Kan and Sun, 1985).
However, such pulsation cannot be the cause of the entire
structure as mentioned in Sect. 4.2. Rather, the Pi2 like vari-
ation is most likely excited by the passage of the sunward
propagating structure. This suggests that we need a new
model for the generation of the Pi2 pulsation.
4.4 Electric polarization
The alignment between the electric ﬁeld direction and the
propagation direction means an longitudinal electric polar-
ization by the charge separation. Difference between the ion
gyroradius and electron gyroradius is often considered as the
cause of charge separation when they experience the change
in the magnetic ﬁeld. In the inner magnetosphere, this ef-
fect causes the charge separation known as the Alfv´ en layer
(Alfv´ en and F¨ althammar, 1963) although the expected polar-
ization direction is dawn-dusk direction at 19MLT.
In the present case, the polarization electric ﬁeld quickly
increased from 06:43:25UT to 06:44:05UT and quickly de-
creased from 06:44:10UT to 06:46:45UT in Fig. 6. Con-
sidering the propagation velocity of 5∼10km/s, the width of
the gradient is about 200∼400km for both positive gradi-
ent and negative gradient. This matches with gyroradius of
3000km/s protons, which is about 200km. Therefore, the
ﬁnite gyroradius effect of 3000km/s H+ is a good candidate
for the electric ﬁeld.
The opposite scenario (electric ﬁeld maintained by the
cold ions/electrons caused the change in the energetic par-
ticles) is unlikely because the electric potential of 10kV is
too small to affect the ﬂux of energetic particles. Further-
more, the magnetic ﬁeld and the electron ﬂux started about
20s before the change in the electric ﬁeld or the detection
of cold ion convection. Therefore, the electric ﬁeld is most
likely the result of charge separation of the 3000km/s ions
inside the magnetic depletion.
The present type of the propagating charge separation has
never been predicted or observed in the evening inner mag-
netosphere. Propagation of longitudinal polarization is pre-
dicted associated with the substorm expansion as a propa-
gation front of magnetosonic compression (Yamauchi et al.,
1993; Yamauchi, 1994). However, the present mode keeps
pressure balance, which is not satisﬁed in the magnetosonic
compression model.
4.5 Solitary structure maintained by 3000km/s ions
The magnetic drift of 3000km/s ions at this location
(10∼15km/s for H+ and 50km/s for He+ in the dipole ﬁeld
model) is faster than the propagation velocity of the structure
(5∼10km/s). Therefore, these ions overtake the propagat-
ing structure as illustrated in Fig. 12. Yet the enhancement
of the 3000km/s ion ﬂux can be maintained as long as the
outﬂow from this structure does not exceed the inﬂow to this
structure from the tail. This semi-trapped view agrees with
Ann. Geophys., 27, 2947–2969, 2009 www.ann-geophys.net/27/2947/2009/M. Yamauchi et al.: Auroral bulge caused by equatorial solitary structure 2965
the energy-time dispersion of ﬂux increase in Fig. 9, which
agrees with ﬁnite gyroradius effect of dispersionless increase
of ﬂux. Propagation of ﬁnite amplitude DC electric and mag-
netic ﬁelds that is maintained by the semi-trapped plasma
passing through the structure means that this is a kind of soli-
tary structure. If the inﬂux is larger than outﬂux, more car-
riers of diamagnetic current appear inside the structure, en-
hancing the magnetic depletion. Such inﬂux-outﬂux unbal-
ance may happen under a new injection, a change of gradient
of magnetic ﬁeld, or an enhancement of duskward electric
ﬁeld.
The magnetic drift theory gives the same drift velocity for
different masses for a given energy, and the E×B drift is too
small to explain the 3000km/s velocity. Therefore, the se-
lection of 3000 km/s speed instead of energy has never been
predicted inside the magnetosphere. The observed solitary
structure is a new ﬁnding. We are not able to answer the
original cause of selection of 3000km/s velocity. Inversely,
this feature can be one of the key feature in modeling this
new type of solitary structure.
The relation between the minor substorm at 06:25UT and
the westward moving auroral bulge is not clear. Geosyn-
chronous LANL-1991 satellite at the same local time as
Cluster (about 1.5RE tailward and 1.9RE duskward from
Cluster in GSE) observed ﬂux increase of 50∼500keV H+
andﬂuxdecreaseof0.1∼10keVH+ ataround06:37UT,i.e.,
6min earlier than Cluster. Furthermore, LANL-1994 at ear-
lier local time (about 16LT) observed less intense ﬂux in-
crease of 50∼500keV H+ at around 06:40UT with energy-
time dispersion. If these ﬂux increases have the same source
as the ﬂux increase observed by Cluster, the source of these
ions with ﬂux increase is not local and is spreading at wide
drift shell. Unfortunately we have no evidence that connect
or disconnect observations of LANL and Cluster which are
separated about 2RE in the radial direction.
The propagating magnetospheric solitary structure is not
limited to the equatorial plane as illustrated in Fig. 12 be-
cause the carrier of the ﬁeld change is most likely the
3000km/s particles which can bounce inside the magnetic
bottle within tens seconds (a 3000km/s H+ travels 4RE dis-
tance in 9s). Furthermore, a trapped particle spends most of
the time near the mirror point rather than the equatorial re-
gion (Alfv´ en and F¨ althammar, 1963). Therefore, we expect a
larger potential drop across the solitary structure at low alti-
tude than at the equatorial region. This creates large potential
drop between the ionosphere and the mirror altitude.
4.6 Effect of E×B drift
The duskward E×B drift speed (up to >50km/s) is larger
than the sunward propagation speed of the solitary struc-
ture (5∼10km/s) or the magnetic drift speed of injected
ions (30km/s for 100keV ions at L=4.4). One-minute
travel distance of the entire drifting shell of the ring cur-
rent ions (which is east-west aligned) by the duskward (out-
ward) E ×B drift during 06:43:30∼06:44:30UT is about
2500∼3000km (or 0.4∼0.5RE) for all ions species and en-
ergies. This is equivalent to about 1.5◦ equatorward shift
at the ionosphere. From the observational viewpoint, the
spacecraft substantially crossed the ring current region about
0.5RE inward during this one minute (nearly 10 times faster
than the spacecraft velocity). However, the observed ﬂux
change is not monotonic during 06:43∼06:46UT, indicating
that temporal variation is prevailing over the spatial change.
Therefore, this does not alter our discussion above. On the
other hand, the 1.5◦ equatorward shift in one minute is im-
portant in considering the conjugacy with the ionosphere.
4.7 Relation to the auroral bulge
The solitary structure at 06:43∼06:46UT observed by Clus-
ter agrees with the auroral bulge at 19MLT in location and
velocity, as illustrated in Fig. 12. The direction of the poten-
tial drop (upward) observed by Cluster also agrees with au-
roral electron acceleration downward. Therefore, the auroral
bulge is most likely caused by the magnetospheric solitary
structure with ﬁnite amplitude deviation of DC electric and
magnetic ﬁelds. The motion of the auroral bulge is the result
of the westward propagation of the solitary structure. This
possibility has never discussed in the past.
4.8 Plasmaspheric He+
In Fig. 7 we observed cold He+ without O+ or H++; i.e.,
we observed the plasmaspheric ions inside the ring current
region during a minor storm time. O+ ions are typically not
observed as part of the cold plasmaspheric population, at the
Cluster altitudes (Dandouras et al., 2005). The overlap of
the plasmasphere with the ring current in the evening sector
during a magnetic storm is consistent with the stagnation of
eastward drift of the plasmasphere by the storm-time elec-
tric ﬁeld (Chappel, 1972 and references therein) or detached
plasmasphere by complicated substorm electric ﬁeld (Chap-
pel, 1974).
4.9 06:46UT activity
The strong electric ﬁeld and the related convection sud-
denly diminished at around 06:45:55UT and changed its
direction by more than 90◦. From ﬁeld data (Figs. 5 and
6) and auroral ion data (Fig. 8), we concluded that it is a
boundary crossing which moved outward. Starting this time,
Cluster observed increase in ﬂux for both ions and elec-
trons. The energy range of the ﬂux increase is different from
that for the 06:43:00UT event. During 06:46∼06:48UT,
ﬂuxes increased for >240keV electron, 1∼90keV proton,
240∼350keV helium, and possibly 0.6∼0.9MeV oxygen
although the last can be a prolongation of the 06:43UT
event. The ﬂux increase of H+ is simultaneous for all en-
ergies (1∼90keV) without pitch angle-time or energy-time
dispersion. The ﬂux increase is predominantly seen in the
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perpendicular component to the magnetic ﬁeld according to
the CIS data.
The manner of the ﬂux increase is similar to that dur-
ing 06:43∼06:45UT, i.e., the characteristic energy of the
increasing ﬂux is mass dependent and is related to the
sudden change in the DC electric ﬁeld. The H+ change
took place when the magnetic ﬁeld is near constant dur-
ing 06:45:50∼06:64:20UT. Unlike the 06:43UT event, how-
ever, the energy range of the ﬂux increase is very wide, with
its low-energy limit for H+ to extend <1keV. Even electrons
ﬂux increased.
It is quite possible that Cluster observed a stagnant au-
roral bulge. In this case, the phenomena can be localized
to the Cluster location. In fact, LANL-1991 at the same
local time did not observe the corresponding second peak
when it observed enhancement of 50∼500keV H+ during
06:37∼06:38UT.
5 Conclusions
We have studied a sudden change in both ﬁeld and particle
starting simultaneously at 06:42:50UT on 19 May 2002 at
all Cluster spacecraft that are located close to the equatorial
plane during the event. The event involves both northern and
southern ionosphere including auroral bulge, and the entire
structure that covers both the magnetosphere and the both
ionospheres is moving westward. At equatorial inner magne-
tosphere, this motion is seen as a 5∼10km/s sunward prop-
agation of the following signatures: (a) sudden rarefaction
of equatorial geomagnetic ﬁeld by 25% together with local
diamagnetic current, (b) electric ﬁeld in the propagation di-
rection up to 10mV/m, (c) duskward E×B convection of
He+ rich cold plasma without O+, up to 50km/s, (d) ﬂux en-
hancement of medium energy ring current ions with particle
speed of about 3000km/s for all ion species, which balances
with the depletion of the magnetic ﬁeld in the pressure unit,
(e) ﬂux decrease of the other energetic particles beyond the
adiabatic invariance can explain, and (f) appearance of the
ionospheric plasma that is accelerated by the parallel ﬁeld-
aligned potential which can also accelerate auroral electron.
All these changes are simultaneous at all SC with SC-
3 leading by 1∼10s, giving a propagation velocity of
5∼10km/s at 4.4RE, which agrees with westward motion of
auroral bulge in the ionosphere (∼ 1◦ longitude/min). The
observations indicate a new type solitary structure in the
magnetosphere as the cause of the westward moving auro-
ral bulge:
(1) This solitary structure is composed of polarization
electric ﬁeld in the propagation direction and magnetic de-
pletion, and is maintained by ﬂux enhancement of 3000km/s
ions. Fluxes of the other ring current particles decreased.
(2) The structure has about 1000∼2000km width in the
propagation direction and propagates sunward with about
5∼10km/s speed. (3) The 3000km/s ions are the main car-
rier of the propagating diamagnetic current that caused the
magnetic depletion propagating sunward. (4) The polariza-
tion is maintained by different behaviors between energetic
ions and electrons, and particularly the 90∼160keV protons
and >240keV electrons are good candidates for the major
charge carriers. (5) The potential drop in the propagation
direction (about 5∼10kV tailward at equator) is the ultimate
cause of the ﬁeld-aligned potential drop (several kV upward).
(6) The sunward propagation of this solitary structure caused
the sunward propagation of ﬁeld-aligned potential drop and
hence of the auroral bulge. (7) The passage of this solitary
structure most likely excited the Pi2 like magnetic variation.
The observations also provided new pictures on cold and
energetic ions: (8) Plasmasphere expands to the inner mag-
netosphere where ring current ions are present. We do not
know the route of this expansion, though. (9) Pressure-
contributing ring current ion ﬂux can be enhanced at certain
velocity (3000km/s in the present case) rather than the same
energy for all ion species.
The observation raises a new paradigm on the relation be-
tween the ring current and the auroral bulge after substorm: a
new type of solitary structure maintained by ring current ions
at 3000km/s speed can be the cause of the westward moving
auroral bulge. We certainly need both theoretical and obser-
vational effort to understand the solitary structure, its rela-
tion to substorms, its relation to pulsation, and selection of
the 3000 km/s speed instead of a speciﬁc energy.
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